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Crystal structure determination at 1.4 Å resolution of ferredoxin
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Background: [2Fe–2S] ferredoxins, also called plant-type ferredoxins, are
low-potential redox proteins that are widely distributed in biological systems. In
photosynthesis, the plant-type ferredoxins function as the central molecule for
distributing electrons from the photolysis of water to a number of ferredoxin-
dependent enzymes, as well as to cyclic photophosphorylation electron
transfer. This paper reports only the second structure of a [2Fe–2S] ferredoxin
from a eukaryotic organism in its native form.
Results: Ferredoxin from the green algae Chlorella fusca has been purified,
characterised, crystallised and its structure determined to 1.4 Å resolution — the
highest resolution structure published to date for a plant-type ferredoxin. The
structure has the general features of the plant-type ferredoxins already
described, with conformational differences corresponding to regions of higher
mobility. Immunological data indicate that a serine residue within the protein is
partially phosphorylated. A slightly electropositive shift in the measured redox
potential value, –325 mV, is observed in comparison with other ferredoxins.
Conclusions: This high-resolution structure provides a detailed picture of the
hydrogen-bonding pattern around the [2Fe–2S] cluster of a plant-type
ferredoxin; for the first time, it was possible to obtain reliable error estimates for
the geometrical parameters. The presence of phosphoserine in the protein
indicates a possible mechanism for the regulation of the distribution of reducing
power from the photosynthetic electron-transfer chain.
Introduction
Ferredoxins are iron–sulphur proteins that are widely dis-
tributed in nature and which act as essential electron 
carriers in several vital processes. Among them, the plant-
type ferredoxins (found in cyanobacteria, algae and
plants), which contain two iron and two inorganic sulphur
atoms, function as one-electron carriers between mem-
brane-bound iron–sulphur centres in photosystem I (PSI)
and ferredoxin-dependent enzymes, such as nitrite reduc-
tase, sulphite reductase, glutamate synthase and others, as
well as to ferredoxin-NADP+ reductase (FNR). In the
acyclic photosynthetic electron flow, ferredoxin reduces
FNR, a two-electron acceptor, that in turn reduces
NADP+ to NADPH, providing energy for biosynthesis.
Ferredoxin also drives electrons into the cyclic electron
flow that generates ATP.
Plant-type ferredoxins are strongly acidic proteins with
low isoelectric points and molecular weights of about
10 kDa. The oxidation–reduction potential for these ferre-
doxins is typically about –420 mV [1] making the reduced
form of some of these proteins amongst the strongest
soluble reductants found in nature. Nevertheless, there
are quite marked differences in the midpoint redox poten-
tials reported for ferredoxins from different sources,
ranging from –310 to –455 mV [1]. No fully satisfactory
explanation has been found for the differences in these
redox potentials in terms of three-dimensional structure.
In the redox centre, each Fe is coordinated by two inor-
ganic sulphides that bridge the two iron atoms and two
cysteinyl sulphurs, with the four sulphurs arranged
approximately tetrahedrally around each iron atom [2].
The complete amino acid sequences of about 80 plant-
type ferredoxins are known (SWISS-PROT data bank [3]).
These ferredoxins, isolated from plants, algae and
cyanobacteria, contain between 93 and 99 amino acid
residues and all possess a surprisingly high sequence iden-
tity, particularly around the redox centre [4]. The genes
encoding the [2Fe–2S] ferredoxins from several oxygenic
phototrophs have been cloned and sequenced [4]. In
plants and algae, apoferredoxins are encoded by nuclear
genes and synthesised in the cytosol as longer precursor
proteins [5]. The transit peptide is then proteolysed inside
the chloroplast where the protein folds into its definitive
three-dimensional structure in the stroma [6]. In addition,
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the coordination of iron and sulphur by apoferredoxin to
yield the holoprotein also occurs in the stroma of the
chloroplast, once it has been imported and the transit
peptide cleaved [7].
Ferredoxin is reduced by one of the two [4Fe–4S] clusters
of the PsaC subunit at the stromal side of the PSI complex,
with the indispensable interaction of the positively
charged PsaD subunit [8]. Also, the peripheral PsaE
subunit may have a role in the stabilisation of the electron
transfer or facilitation of the cyclic electron transfer [9,10].
It is not clear yet if ferredoxin has a common binding site
for its interaction with PSI and with the ferredoxin-depen-
dent enzymes [4]. Ferredoxin accepts one electron from
the iron–sulphur cluster of PsaC and (in the case of
NADP+ photoreduction) forms a high affinity 1:1 complex
with FNR, which is a two-electron acceptor. In the case of
the interaction of spinach leaf ferredoxin with FNR, nitrite
reductase and glutamate synthase, it has been shown that
negatively charged groups on the ferredoxin are essential
for optimal protein–protein interaction. The interaction of
FNR and ferredoxin has been extensively studied [2,11]
and several approaches predict the detailed orientation of
the two proteins within the ferredoxin–FNR complex [12].
Two domains of negative surface potential in ferredoxin
interact with two domains of positive surface potential in
FNR; equivalent positive residues that interact with ferre-
doxin are found in other ferredoxin-dependent enzymes
[4]. These two asymmetric bilobal negative regions sur-
round the [2Fe–2S] cluster and a dipole moment has been
calculated for the oxidised form of spinach ferredoxin. The
negative end of the dipole moment vector lies near the
iron–sulphur cluster and approximately midway between
the two negatively charged domains. It has been proposed
that the negative end of this strong molecular dipole
moment has a key role in steering ferredoxin in the initial
stages of docking to the ferredoxin-dependent enzymes
[13]. In the predicted ferredoxin–FNR complex, the
[2Fe–2S] cluster of ferredoxin and the FAD group of FNR
are less accessible to the solvent, and in this model there
were calculated distances as little as 4 Å between the
dimethylbenzene group of FAD and Fe1, the more
exposed iron atom of the ferredoxin and the one in the
ferrous state upon reduction. Such distances should allow
rapid electron transfer without requiring involvement of
additional aromatic residues for conducting electrons [14].
Crystal structures have been determined for four prokary-
otic plant-type (cyanobacterial) ferredoxins, the sources
being the cyanobacteria Spirulina platensis [15,16],
Anabaena 7120 (heterocysts and vegetative cells) [17,18],
Aphanothece sacrum [19] and the halophilic archeabacterium
Haloarcula marismortui [20]. Only one eukaryotic native
ferredoxin (from the fern species Equisetum arvense) has
been structurally characterised to date [21]. This disparity
may reflect the higher stability of the cyanobacterial ferre-
doxins and the difficulties of obtaining highly purified
preparations suitable for crystallisation experiments. The
structure of a Glu92→Lys mutant of ferredoxin from
spinach has been recently solved [22]. The authors point
out that the sidechain of Lys92 is engaged in an intermole-
cular interaction with Asp26 of a symmetry-related mol-
ecule, suggesting that this feature may explain why only
the mutant and not the wild-type ferredoxin could be suc-
cessfully crystallised.
To provide more information on eukaryotic ferredoxin
structures we have determined the crystal structure of the
oxidised form of a eukaryotic ferredoxin from the green
alga Chlorella fusca, recently renamed Scenedesmus vacuola-
tus. This taxonomic change from C. fusca to the genus
Scenedesmus was based on ultrastructure studies of the cell
wall [23]. Among the thousands of eukaryotic algal
species, the green algae (Chlorophyta) comprise one of the
most varied and highly specialised groups of plants,
including unicellular forms and multicellular species [24].
Studies on green algae are of particular interest because
they are thought to have been the progenitor of higher
plants and therefore evolutionary intermediates between
photosynthetic prokaryotes with oxygenic photosynthesis
(cyanobacteria) and higher plants [25]. Like higher plants
but unlike other types of algae, their photosynthetic appa-
ratus contains chlorophyll a and b, they use starch as their
primary carbohydrate store, and usually have cellulosic
cell walls. In this work, the C. fusca ferredoxin has been
purified, characterised, crystallised and its crystal structure
determined at 1.4 Å resolution.
Results and discussion
Purification and characterisation
Although many studies of plant-type ferredoxins used
ferredoxin from spinach as raw material, no three-dimen-
sional structural data are available for this protein in its
native form and discussions were often based on the
structures of prokaryotic ferredoxins. Morand et al. [26]
assumed that the ferredoxin from higher plants and
eukaryotic algae is unstable at room temperature, and
that it suffers from decomposition of the iron–sulphur
centres even when stored at –20°C. This rule seems not
to be fulfiled by ferredoxin from the eukaryotic green
alga C. fusca. Studies of this organism have made many
contributions to our understanding of photosynthesis
[27]. Our preparation was not unstable at all; in our
opinion, the success of this preparation is based on
the exhaustive removal of the nucleic acids unspecifi-
cally bound to the ferredoxin (see the Materials and
methods section).
The UV–visible absorption spectrum of C. fusca ferredoxin
shows similar characteristics to those of all previously
described ferredoxins from other species (data not shown).
The purified ferredoxin exhibits an A276nm/A422nm ratio of
1.25, a lower value than any previously published. An
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extinction coefficient at 422 nm of 10.4 mM–1 cm–1 was
determined and used for quantification of pure prepara-
tions. As with all previously described ferredoxins, the
protein is strongly anionic and the isoelectric point was
determined as 3.7. No isoforms were detected.
The molecular weight determined by sodium dodecyl sul-
phate polyacrylamide gel electrophoresis (SDS–PAGE)
was very high, 20 kDa, similar to that of other ferredoxins
with anomalous behaviour in polyacrylamide gels, and
attributed to some ionic interaction with the gel matrix
due to the low isoelectric point of ferredoxins [28]. Gel fil-
tration using a calibrated superose column and 0.25 M
NaCl gave a mass of 14.6 kDa, which is still much higher
than the molecular weight calculated from the amino acid
sequence (10,196 Da including the iron–sulphur cluster).
A summary of the biochemical properties of C. fusca ferre-
doxin is presented in Table 1.
The use of specific antibodies raised against phosphoser-
ine showed clearly, by dot-blot analysis (see the Materials
and methods section), that the protein has phosphorylated
serine in its sequence. Negative controls were performed
with sodium phosphate, and flavodoxin from the same
organism previously tested as nonphosphorylated [29].
Two different preparations of ferredoxin from C. fusca
showed the presence of phosphoserine and we have also
detected phosphoserine in purified ferredoxin prepara-
tions from spinach and Anabaena PCC 7119. Additional
total phosphate determination using the inductively
coupled plasma technique indicated that the phosphorous
was present in a ratio of 0.3 mol/mol of protein
Amino acid sequence
As the amino acid sequence of ferredoxin from C. fusca
was not available at the time the structure was deter-
mined, the possibility of determining the sequence by 
X-ray diffraction was investigated. In spite of the diffi-
culties that arise in the interpretation of the electron-
density map, the high resolution and good quality of the
data allowed us to recognise 60% of the amino acids by
inspection of the first electron-density map. Those
residues that were clearly identifiable from the maps
(e.g. aromatic, branched, methionine and cysteine
residues) were used as markers for a comparison with the
consensus sequence obtained from the plant-type ferre-
doxin sequences published to date. As the refinement
progressed, the interpretation of the electron density
gradually became clearer. After the X-ray sequencing of
all 94 amino acids had been completed, it proved possi-
ble to sequence 80 of the amino acids by chemical
methods (we are grateful to P Barker of the Babraham
Institute, Cambridge, UK, for providing us with this
sequence). This revealed two major errors and two minor
errors (Asn/Asp and Gln/Glu confusion) in the X-ray
sequence. The two major errors were Glu18, which pro-
trudes into the solvent and showed no density after Cγ (it
had been wrongly assigned as serine), and Ser9, which
showed additional density that could not be satisfactorily
interpreted. Several residues (14 residues; continuously
underlined in Figure 1) have been determined using
only the X-ray electron-density map, so it is important to
note that a few of them could be wrongly assigned; the
almost totally conserved sequence of ferredoxins in this
segment corroborates the X-ray data, however. The only
residue that is not consistent with the consensus is Lys69
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Figure 1
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The amino acid sequence of ferredoxin from C. fusca compared with consensus sequences from algae, cyanobacteria and plants. Amino acids that
are continuously underlined were sequenced using the X-ray data alone. For individually underlined residues, X-ray assignments were given priority
over the chemical data because the maps were unambiguous.
Table 1
Summary of the biochemical properties of Chlorella fusca
oxidized ferredoxin.
Molecular weight (kDa)
SDS–PAGE 20
gel filtration 14.6
amino acid composition 10.196
pI 3.7
Redox potential at pH 7.5 (mV) –325
A422nm/A274nm 1.25
Extinction coefficient at 422 nm (M–1 cm–1) 10,400
and its assignment should be regarded as tentative. The
chemical data obtained for 11 more residues (individu-
ally underlined in Figure 1) were not consistent with the
electron-density map. In this case, we assigned those
amino acids that fitted the map, which in most cases
were congruent with the consensus sequence. The
resulting X-ray sequence is compared in Figure 1 with
the consensus sequences of ferredoxins from algae,
cyanobacteria and plants. It consists of 94 amino acids, 17
of them acidic residues, 6 basic, 37 polar without charge
and 34 nonpolar. The acidic residues outnumber the
basic, accounting for the acidic isoelectric point. One
methionine residue is present at position 67 but the fact
that methionine is lacking in a number of plant-type
ferredoxins seems to indicate that this residue is not
essential for activity. The amino acid sequence shows a
high degree of identity with other ferredoxin sequences,
especially near the [2Fe–2S] cluster binding area
(residues 38–49). The ferredoxin from Chlamydomonas
reinhardtii, with 84 identical residues, has the most
similar sequence to the C. fusca ferredoxin. All the
reported sequences from green algae are over 80% iden-
tical, but  ferredoxin sequences from other types of algae
differ by more than those from cyanobacteria and plants.
Both the N and C termini of C. fusca ferredoxin are tyro-
sine residues, which tend to anchor them, avoiding the
disorder often observed for terminal residues in crystal
structures. The presence of a tyrosine residue at the N ter-
minus was unexpected. Most of the known ferredoxin
sequences have a nonpolar and non-voluminous alanine
residue at this point, and only one case of a nonpolar aro-
matic N terminus has been reported (in the eukaryotic
organism Plenidium bipes). This tyrosine residue is con-
served in almost all plant-type ferredoxins but it is not the
N terminus. Different cleavage of the transit peptide in
the stroma of the chloroplast might explain the presence
of this tyrosine as the N-terminal residue. Proteolysis
during the purification procedure should not have hap-
pened, as protease inhibitors were used during the suscep-
tible steps of purification.
When C. fusca ferredoxin is aligned with other ferredoxin
amino acid sequences there is a gap of two amino acids
between residues 5 and 6. Despite the high sequence iden-
tity found in ferredoxins, polyclonal serum raised against
ferredoxin from C. fusca did not recognise ferredoxin from
several sources, as was the case for ferredoxin isolated from
spinach leaves, ferredoxin from the cyanobacteria Anabaena
PCC 7119 and ferredoxin from the marine diatom Thalas-
siosira weiisflogii (kind gift of DL Erdner). 
Mainchain folding
C. fusca ferredoxin shows a topology (Figure 2) similar to
that of the structurally characterised plant-type ferre-
doxins, as would be expected for proteins with greater
than 50% sequence identity [30]. The ferredoxin is an
α/β protein and includes alternating segments of α helices
(α1–α3) and β strands (β1–β7) along the chain; 17% of the
amino acid residues are in α helices and 30% are in
β-pleated sheets.
Starting at the N terminus of the chain, residues 2–7
form a strand of β-pleated sheet (β1) followed by a tight
turn that reverses the direction of the polypeptide chain.
This type-I β turn (Thr7–Gly10), which is a flexible part
of the molecule with high B values (temperature
factors), connects strand β1 with strand β2 which extends
from residues 10–15. These strands run antiparallel to
one another, describing a ββ folding unit, and are
flanked by an α helix (α1), which extends from residues
22–28. This helix is followed by a long loop, which
extends from residues 29–45, and contains most of the
amino acids that bind the [2Fe–2S] cluster. This part of
the structure is quite rigid with low B values except for
the sidechain of Arg38 which is exposed to the solvent;
nevertheless, its electron density is well defined and its
position stabilised by hydrogen bonds. Residues 46–51
constitute a β strand (β3) that runs antiparallel to β1. A
short β strand (β4) extends between residues 54 and 55
and is followed by an α helix (α2) that extends from
residues 64–68. A short β strand (β5) extends between
residues 71–73 and is connected to helix α2 by means of
a type-I reverse turn (Met67–Gly70). Strand β5 is fol-
lowed by a new short β strand (β6) that extends from
residues 78–79. Strand β6 is followed by strand β7 that
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Figure 2
Schematic representation of the secondary structure of C. fusca
ferredoxin showing the location of the [2Fe–2S] cluster. Sulphur and
iron atoms are shown as yellow and red spheres, respectively; α
helices are in red and β strands in green.
extends from residues 83–86 and is located between
strands β2 and β3 in the three-dimensional structure,
running antiparallel to both. A loop containing a type-III
reverse turn connects strand β7 to the last element of
secondary structure in the molecule, an α helix (α3) that
extends from residues 90–93. The three α helices
occupy one hemisphere of the molecule (the hemi-
sphere containing the redox centre), whereas the
β strands are in the other hemisphere. The N and
C termini are at opposite sides of the molecule.
The [2Fe–2S] cluster, as in all the structurally charac-
terised ferredoxins, is placed quite close to the surface of
the molecule with one of the iron atoms (Fe1) more
exposed than the other. The sulphur atoms of Cys37 and
Cys42, both of which are attached to Fe1, form part of the
solvent-accessible molecular surface; the nearest solvent
water molecule (that may in fact be a cation) is 3.76 Å
from the Sγ atom of Cys42. 
The most flexible part of the molecule is helix α2, which
shows quite large B values. This part of the molecule is
very exposed to the solvent and is one of the less well-
conserved regions compared with other ferredoxin
sequences. In contrast to many crystal structures, the elec-
tron densities for both the N and C termini are very well
defined. In particular, the N terminus (Figure 3) is one of
the more rigid parts of the structure. Three hydrogen-
bond acceptors, namely the Oε2 atom of Glu15, the main-
chain carboxyl group of Cys16 and a water molecule, are
tetrahedrally coordinated around the nitrogen atom of
Tyr1 making strong hydrogen bonds. This N-terminal
anchor may partly explain the stability of this protein com-
pared with other eukaryotic ferredoxins.
Geometry and environment of the [2Fe–2S] active centre
The [2Fe–2S] cluster (Figure 4) is located in a pocket
close to the protein surface and is surrounded by 13 amino
acid residues that are conserved in most of the ferredoxin
sequences available in the protein database [3]. Of these
residues, 11 are contained in the long loop connecting
helix α1 and strand β3. Apart from the four cysteine
residues which are bound to the cluster, four of the 13 are
nonpolar (Ala39, Gly40, Ala41 and Leu73), four are polar
(Tyr35, Ser36, Ser43 and Ser44) and one is basic (Arg38).
The sidechains of Ser36 and Ser44 together with residues
Ala39 and Ala41 are arranged around the entrance to the
Research Article  Eukaryotic ferredoxin structure Bes et al. 1205
Figure 3
Electron density (at the 1.5σ level) and
hydrogen-bond anchoring of the N terminus.
The tyrosine residue is unusually well defined
for an N-terminal residue. The density
corresponding to the sidechain of Glu15 is
lower because this sidechain is
conformationally disordered. Hydrogen-bond
distances: N1–O Cys16 (2.81 Å); N1–Oε2
Glu15 (2.79 Å); and N1–O Wat200 (2.85 Å).
Wat200
Cys16
Glu15
Tyr1
Wat200
Cys16
Glu15
Tyr1
Structure
Figure 4
The environment of the [2Fe–2S] centre showing the hydrogen bonds
listed in Table 3. For clarity, most of the sidechains have been omitted.
O Cys45
Oγ1 Thr74
N Thr74
Sγ Cys75
N Arg38
Fe2
N Ala41
Sγ Cys37
N Cys42
N Ser44
N Ser36
S1
Fe1
Sγ Cys45
Sγ Cys42
S2
N Cys75
N Ala39N Gly40
Structure
pocket. Tyr35 flanks the core with its sidechain pointing
into the solvent. 
The [2Fe–2S] cluster is very well defined and so was
refined without geometrical restraints; the bond distances
and angles involving the iron atoms are listed in Table 2
and the hydrogen bonds involving the cluster are given in
Table 3. The two iron atoms are each coordinated by two
inorganic and two cysteine sulphur atoms, and both
exhibit a slightly distorted tetrahedral coordination. The
[2Fe–2S] core is not completely planar with an angle of
7.2° between the planes defined by S1–Fe1–S2 and
S1–Fe2–S2. The plane containing atoms Cys37 Sγ, Fe1
and Cys42 Sγ deviates by 10.1° from the one containing
atoms Cys45 Sγ, Fe2 and Cys75 Sγ.
The iron–sulphur bond orders can be estimated from their
observed lengths by the bond-valence method using
2.16 Å as a standard single bond distance [31]. This results
in valence sums of 2.99 for Fe1 and 3.35 for Fe2. This
may be interpreted as confirming that both are in the oxi-
dation state +3 and that Fe1 will be easier to reduce to the
+2 state, consistent with the spectroscopic evidence. In
general the sulphur atoms that have increased stability
due to the NH–S hydrogen bonds (e.g. Sγ of Cys37),
make longer bonds to the iron atoms, as predicted by the
bond-valence theory.
Comparison with related structures
The structure of C. fusca ferredoxin was compared with
the five [2Fe–2S] ferredoxins with similar numbers of
amino acids (94–98) available from the Protein Data Bank
(PDB) [32]. By trial and error it was found that a very
good fit could be obtained using the eight iron and
sulphur atoms of the cluster and the Cα atoms of residues
19–30, 30–34, 69–82 and 84–90. The root mean square
(rms) deviations for these 49 atoms were 0.32 Å for the
heterocyst ferredoxin from Anabaena sp. PCC 7120 (PDB
accession code 1FRD), 0.26 Å for ferredoxin from Equise-
tum arvense (1FRR), 0.31 Å for vegetative cell ferredoxin
from Anabaena sp. PCC 7120 (1FXA), 0.47 Å for ferre-
doxin from Aphanothece sacrum (1FXI) and 0.46 Å for ferre-
doxin from Spirulina platensis (4FXC). The fits are
compared in Figure 5. It can be seen that there are three
regions of disagreement: residues 6–9, where the insertion
of two extra amino acids in three of the proteins inevitably
disrupts the conformation, residues 52–68 in ferredoxin
from A. sacrum, and at the C terminus. These regions
match the pattern of average B values in the C. fusca ferre-
doxin rather closely (see Supplementary material avail-
able with the internet version of this paper), suggesting
that the increased thermal motion can be considered as
incipient conformational flexibility.
A search of the Cambridge Crystallographic Database (April
1999 release) [33] revealed seven structures containing the
Fe2S6 moiety (structures in which the sulphurs were coordi-
nated to further metal atoms were ignored). As these struc-
tures had very similar cluster geometries and were relatively
symmetrical the distances have been averaged, resulting 
in bond distances of Fe–Fe 2.693(5) [2.733(7)] Å,
Fe–S(bridge) 2.200(3) [2.227(8)] Å, Fe–S(terminal) 2.310(4)
[2.300(20)] Å (where the estimated standard deviations
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Table 2
Iron–sulphur distances and angles in the [2Fe–2S] cluster.
Interatomic distances (Å)
Fe1–Fe2 2.733 (7)
Fe1–S1 2.230 (10)
Fe1–S2 2.224 (11)
Fe2–S1 2.196 (10)
Fe2–S2 2.157 (10)
Cys37 Sγ–Fe1 2.364 (12)
Cys42 Sγ–Fe1 2.268 (11)
Cys75 Sγ–Fe2 2.295 (9)
Cys45 Sγ–Fe2 2.272 (10)
Bond angles (°)
S1–Fe1–S2 101.4 (4)
Fe1–S2–Fe2 77.2 (4)
S2–Fe2–S1 104.8 (4)
Fe2–S1–Fe1 76.3 (3)
Cys37 Sγ–Fe1–S1 117.7 (4)
Cys37 Sγ–Fe1–Cys42 Sγ 105.1 (4)
Cys42 Sγ–Fe1–S2 118.4 (4)
Cys37 Sγ–Fe1–S2 104.1 (4)
Cys42 Sγ–Fe1–S1 110.6 (4)
Cys75 Sγ–Fe2–S1 116.5 (4)
Cys75 Sγ–Fe2–Cys45 Sγ 105.1 (3)
Cys45 Sγ–Fe2–S2 110.7 (4)
S1–Fe2–Cys45 Sγ 113.8 (3)
Cys75 Sγ–Fe2–S2 105.7 (4)
Estimated standard deviations from a final full-matrix refinement cycle
are given in parentheses.
Table 3
Hydrogen bonds around the [2Fe–2S] cluster.
Source atom Target atom Distance (Å) Angle (°)
Cys37 Sγ Ala39 N 3.24 (3) 161
Ala41 N 3.39 (3) 154
Cys42 Sγ Ser44 N 3.33 (3) 169
Cys45 Sγ Cys75 N 3.53 (2) 164
Cys75 Sγ Gly40 N 3.55 (2) 135
Cys45 O Thr74 N 3.44 (2) 164
Thr74 Oγ1–Hγ1 2.87 (2) 128
S1 Ser36 N 3.26 (2) 176
Arg38 N 3.23 (2) 151
S2 Gly40 N 3.47 (3) 118
Cys42 N 3.39 (2) 153
Estimated standard deviations from a final full-matrix refinement cycle
are given in parentheses.
based on the experimental uncertainties and internal con-
sistency are given in parentheses and values for the C. fusca
ferredoxin structure are in square brackets). The longer
bridging Fe–S bond lengths (and hence longer Fe–Fe dis-
tance) in the ferredoxin can be attributed to the presence of
two NH–S hydrogen bonds to each of the bridging sulphur
atoms. In the [4Fe–4S] clusters of the Azotobacter vinelandii
7Fe ferredoxin (at 1.35 Å resolution) [34] and the ferredoxin
from Clostridium acidurici (at 0.94 Å) [35] the mean terminal
Fe–S distances are similar (2.30 and 2.283 Å, respectively)
but the bridging Fe–S distances are longer (2.28 and
2.264 Å, respectively), because the sulphur atoms are each
bonded to three iron atoms instead of two; however, the
mean Fe–Fe distances (2.75 and 2.723 Å, respectively) are
similar to those in the [2Fe–2S] ferredoxin structure
reported here.
Spectroscopic and electrochemical characterisation of the
cluster 
The electron paramagnetic resonance (EPR) spectrum of
the reduced ferredoxin was consistent with computer sim-
ulations using the g values (g1,2,3 = 2.05, 1.96, 1.88) which
are typical for a [2Fe–2S] cluster [36,37]. (The g values are
the principal values of the second rank g tensor used in
the anisotropic Zeeman Hamiltonian to describe the inter-
action of an unpaired electron with a magnetic field.) The
far-UV circular dichroism (CD) spectrum shows a wide
minimum at 214.5 nm corresponding to the β sheets, with
a reduced α helix contribution, as would be predicted
from the three-dimensional structure. In the aromatic CD
region contributions from the five tyrosine and two pheny-
lalanine residues are observed. The spectrum in the
visible region exhibits the typical shape of an iron–sulphur
chromophore with the shoulder at 450 nm previously
described for algal ferredoxins [38] (data not shown).
Plant-type ferredoxins use the FeIIIFeIII/FeIIIFeII redox
couple for carrying out electron-transfer reactions. We
observe a midpoint redox potential of –325 ± 15 mV
(versus SHE [standard hydrogen electrode]) at pH 7.5 for
this one-electron reduction in ferredoxin from C. fusca. A
calculated electrostatic surface is included in the Supple-
mentary material and shows the usual regions of negative
charge on either side of the cluster.
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Figure 5
Least-squares fits showing the deviation of
the C. fusca [2Fe–2S] ferredoxin structure
from related ferredoxins. (a) Plot of the root
mean square deviation (rmsd) against residue
number. The traces are colour-coded:
heterocyst ferredoxin from Anabaena sp. PCC
7120 (PDB code 1FRD), green; ferredoxin
from Equisetum arvense (1FRR), red;
vegetative cell ferredoxin from Anabaena sp.
PCC 7120 (1FXA), purple; ferredoxin from
Aphanothece sacrum (1FXI), magenta;
ferredoxin from Spirulina platensis (4FXC),
cyan. Ferredoxin 1FXI from A. sacrum shows
the largest deviation. (b) Stereoview
superposition of the fitted molecules. The
structures are shown as Cα traces and every
tenth residue is numbered.
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Phosphoserine in the sequence
Immunological techniques indicated the presence of
phosphoserine in the sequence of ferredoxin from C. fusca.
Inductively coupled plasma measurements showed that
only about one-third of the protein molecules were phos-
phorylated. A search with the program PROSITE [39]
indicated the existence of two casein kinase II phosphory-
lation sites with the consensus pattern Ser/Thr-X-X-
Asp/Glu at residues 9–12 and 60–63. In addition, there was
a protein kinase C phosphorylation site corresponding to
the pattern Ser/Thr-X-Arg/Lys at residues 36–38.
Additional electron density (Figure 6) was observed con-
nected to the hydroxyl group of Ser9 and could be inter-
preted as a partially occupied phosphate. We have not
included this in our model, however, because if it is
caused by a phosphate it is clearly disordered and the elec-
tron density could be attributed to other phenomena, and
not necessarily to phosphorylation. A trial refinement with
the Oγ atom of Ser9 disordered and the covalently bonded
phosphate in the position shown in Figure 6 gave a refined
occupancy of 0.3 for the phosphate. Although Ser9 is con-
served in most of the green algae and about half of the
ferredoxins from plants, sometimes the serine is present
but the pattern for the phosphorylation site is lost. Espe-
cially in cyanobacteria, there is often, but not always, a
serine or threonine in the vicinity of residue 9 with a
similar phosphorylation consensus sequence. The remain-
ing possible phosphorylation patterns starting at Ser36 and
Ser60 are always conserved (with one exception for the
latter) and so are also good candidates located near the
surface of the protein, even though no additional density
was observed near them in the maps. Ser36 is close to Fe1
(attached to Cys37), which is the iron atom that can be
reduced to Fe2+.
Protein phosphorylation is a widespread phenomenon
reported not only in thylakoid membranes but also in
stromal proteins, and similar casein kinase II phosphory-
lation sites were reported in other chloroplast phospho-
rylated proteins [40]. The assessment of the significance
of the observed phosphorylation will require further
experiment, but the fact that only partial phosphoryla-
tion is found in the ferredoxin suggests a physiological
rather than a structural role. Signal transduction via
light-dependent redox control of reversible phosphoryla-
tion is a very common mechanism for controlling events
related to light energy utilisation [41]. Taking into
account the role of ferredoxin as the electron distributor
between the NADP+ photoreduction pathway and the
cyclic electron flow and several other ferredoxin-depen-
dent enzymes, the role of the phosphate is potentially
very important. In addition, degradation of light-
damaged proteins seems to be regulated by reversible
phosphorylation [42], suggesting another possible role
for the observed phosphorylation. It is interesting to
note that the [2Fe–2S] ferredoxins of kidney and adrenal
glands (adrenodoxin) undergo phosphorylation that
modulates their activity [43,44].
Biological implications
Plant-type ferredoxins, also called [2Fe–2S] ferredoxins,
are important proteins because they distribute electrons
from oxygenic photosynthesis to numerous enzymes in
the chloroplasts of higher plants, algae and cyanobacte-
ria. Although a great deal of structural information is
available for [2Fe–2S] ferredoxins from prokaryotic
organisms, little is known for their eukaryotic counter-
parts. We present here the structure of ferredoxin from
Chlorella fusca. This is the first structure of a eukaryotic
algal ferredoxin and the highest resolution structure
determination to date for a plant-type ferredoxin. The
high resolution enabled precise geometrical parameters
with reliable error estimates to be obtained for the
[2Fe–2S] cluster and the pattern of hydrogen bonds that
stabilise the cluster was determined. The results are
compared with model compounds and interpreted using
the bond-valence model. Although most of the polypep-
tide chain folds in a fashion similar to that of other plant-
type ferredoxins, a comparison with other [2Fe–2S]
ferredoxins revealed conformational differences in two
regions; these variable regions also exhibit the most pro-
nounced thermal motion in the structure.
The immunochemical analysis of ferredoxin from
C. fusca indicates the presence of a partially phosphory-
lated serine residue. There is suitable difference electron
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Figure 6
SigmaA-weighted [2mFo–DFc] map showing a possible site for a
phosphate covalently bonded to Ser9. The occupancy of the
phosphate refined to 0.3 (0.7 for the alternative position of Oγ). The
contour levels are 0.5σ (blue) and 1.5σ (green).
OG'γ'
OGγP
CAα
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density connected to Ser9, but this is not sufficient to
prove that this is a phosphorylated serine residue. From
sequence analysis, the conserved residues Ser36 and
Ser60 were also identified as possible phosphorylation
sites. The phosphorylation of serine residues in the ferre-
doxin sequence implies a potential regulatory light-
dependent redox control mechanism. Such a mechanism
has enormous implications for this key protein that dis-
tributes electrons from photosystem I to several ferre-
doxin-dependent enzymes and also introduces electrons
into the cyclic electron flow.
Materials and methods
Protein purification
Ferredoxin was obtained from C. fusca Shihira et krauss 211-215
strain obtained from the University of Göttingen (Germany). The cells
were grown as described by Kessler and Czygan [45]. A 200 g sample
of cells were disrupted with 1600 g of glass beads (200–300 µm) in
200 ml of 50 mM Tris-HCl pH 8, containing 1 µM PMSF (phenylmethyl-
sulphonyl fluoride) and 1 mM β-mercaptoethanol. Unbroken cells and
debris were removed by centrifugation at 18,000 × g for 20 min (4ºC).
The resulting supernatant was precipitated with 90% precooled
acetone (–20ºC), and the pellet obtained after centrifugation at
18,000 × g for 10 min was dried. The resulting powders were resus-
pended in the homogenisation buffer and stirred for 90 min at 4°C.
After centrifugation for 10 min at 18,000 × g, the resulting supernatant
was loaded on a DEAE-cellulose column (4 × 30 cm) equilibrated with
50 mM Tris-HCl pH 8. Ferredoxin was eluted in a gradient of 0 to 0.5 M
NaCl. The brown fractions with a ratio of A422/A274 higher than 0.2
were pooled, dialysed (50 mM Tris-HCl, pH 8) and concentrated to
5 ml in an Amicon cell (Grace). Two treatments were performed in
order to exhaustively eliminate nucleic acids. The solution was treated
with 0.5 mg/ml DNase and RNase at 15ºC for 24 h. The ferredoxin-
containing solution was made 10 mM in streptomycin sulphate (Sigma
Co), and the pH adjusted to 7. The mixture was stirred for 10 min and
allowed to stand for 5 h. The precipitated nucleic acids were separate
by centrifugation at 18,000 × g for 10 min. The supernatant was
brought to 65% saturation with ammonium sulphate, followed by cen-
trifugation. The supernatant was poured into a DEAE-column equili-
brated with 65% ammonium sulphate, and eluted with a reverse
gradient from 65% to 0% ammonium sulphate. The solution was con-
centrated and applied in aliquots of 200 µl to a superose 12 column in
a fast protein liquid chromatography (FPLC) system (Pharmacia), using
50 mM Tris-HCl pH 8, 0.1 M NaCl as buffer. The samples obtained
were pooled, concentrated and desalted in Centricon tubes (Amicon).
The purity of the sample was confirmed by SDS–PAGE. Molecular
masses were also determined by FPLC gel-filtration performed using a
calibrated superose 12 column from Pharmacia in 0.25 M NaCl.
Protein quantification
Protein quantification was performed by the Lowry method [46]. Pure
ferredoxin was quantified using an extinction coefficient of
10.4 mM–1 cm–1, calculated in this work.
Antibodies 
Antibodies were obtained in New Zealand white rabbits. Rabbits were
inoculated with 100 µg of pure protein and an equal volume of com-
plete Freund coadyuvant. After four weeks, a second inoculation was
performed with the same amount of protein and an equal volume of
incomplete Freund coadyuvant. Cross-reactivity was studied by the
Ouchterlony technique [47].
Chemical amino acid sequencing 
The chemical sequencing of the ferredoxin was performed at the
Babraham Institute, Cambridge Research Station, Microchemical Facil-
ity (Cambridge, UK).
Phosphoserine determination
Phosphoserine detection was performed by dot-blot analysis using
mouse monoclonal antiphosphoserine and antimouse IgG alkaline
phosphatase conjugate from Sigma Bio Sciences. The method used
was based on the procedure described by Ternynck and Avrameas
[48], using Hybond-C extra from Amersham. Positive controls (phos-
phoserine and caseine) and negative controls (sodium phosphate and
flavodoxin from Chlorella fusca [31]) were performed. Total phospho-
rous analysis was determined by inductively coupled plasma, per-
formed by Servicio General de Análisis at Zaragoza University.
Isoelectric focusing and SDS–PAGE
Isoelectric focusing and SDS–PAGE of the purified protein were per-
formed in a Phast System from Pharmacia, with the products and direc-
tions given by the manufacturer.
UV–visible and EPR spectra
The spectra were recorded using a Kontron Uvikon 860 spectropho-
tometer. The molar absorption coefficient was calculated, determining
the iron present in the molecule by atomic emission spectroscopy.
EPR spectra were recorded on a Bruker ESP 380 spectrometer,
equipped with an ESR 900 continuous-flow helium cryostat from
Oxford Instruments. 
Redox potential determination
Visible redox titrations of ferredoxin were performed under anaerobic
conditions. To the protein solution (10 mM) in 100 mM Tris-HCl pH 7.5
the following mediators (1 mM) were added: methylene blue, indigo
tetrasulphonate, indigo trisulphonate, indigo disulphonate, 2-hydroxy-
1,4-napthoquinone, anthraquinone-2,7-disulphonate, anthraquinone-2-
sulphonate, safranine, neutral red, diquat and methyl viologen. Injection
of appropriate volumes of sodium dithionite allowed the reduction of
the protein. A Crison 2002 digital potentiometer was used and the
spectra were recorded on a Shimadzu UV-260 spectrophotometer.
The reduction potential was determined by following the absorbance
changes at 422 and 464 nm.
Circular dichroism
CD was carried out on a Jasco 710 spectropolarimeter at room tem-
perature. The protein concentration was 1.44 µM for the far-UV and
5.77 µM for the aromatic and visible regions. Samples were prepared
in 1 mM phosphate buffer pH 7.
Crystallisation
Crystals were grown using the sitting-drop vapour diffusion method. A
1.5 µl aliquot of a precipitating solution containing 1.1 M sodium citrate
and 0.1 M glycine at pH 8.0 was added to 5 µl of 19 mg/ml ferredoxin
solution in 20 mM Tris buffer at pH 8.0. The sitting-drop was equili-
brated against 500 µl of the precipitating solution at room temperature.
The concentration of the citrate solution in the reservoir was incre-
mented by 0.1 M every three days. Diffraction quality crystals appeared
at a concentration of 1.3 M. The protein crystallises in the space group
I432 (cell dimensions a = b = c = 112.44 Å), with one molecule in the
asymmetric unit and a solvent content of 58%.
Data collection
X-ray data were collected at 100K using synchrotron radiation
(EMBL c/o DESY, Hamburg) with λ = 0.9091 Å on a crystal of size
0.5 × 0.5 × 0.3 mm mounted in a loop and frozen in a 15% v/v glyc-
erol solution of the mother liquor (which also contained citrate).
High-, medium- and low-resolution data were collected on beamline
X11 in three passes, corresponding to three different crystal-to-
detector distances (160, 300 and 450 mm, respectively), with δφ
stepscans of 0.3, 0.6 and 1.0°, using a MAR 300 image plate. The
overall completeness of the data collected to 1.4 Å resolution
is 99.9%. The diffraction data were processed using the
DENZO/SCALEPACK suite of programs [49]. Reflection data statis-
tics are summarised in Table 4.
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Structure solution
The structure was solved by molecular replacement using the program
AMoRe [50]. The structure of A. sacrum ferredoxin (PDB code 1FXI)
was used as search fragment (in retrospect an unfortunate choice) and
its Fourier transform was calculated assuming a P1 cubic cell with cell
axes of 80 Å3. The first orientation of the model was obtained by calcu-
lating the cross-rotation function within the resolution range of
10–3.0 Å. The correlation coefficient corresponding to the best solu-
tion was 11.4%, but no clear separation between this solution and the
following ones was observed. We therefore calculated the fast transla-
tion function for the best 40 solutions, without changing the resolution
range. The solution number 3 of the cross-rotation function (correlation
coefficient 11.4%) was found to give, after the corresponding transla-
tion function, the best correlation coefficient and R factor, 43.6 and
74.0%, respectively. This time the differences observed in these two
figures between the correct solution and the incorrect ones was strik-
ing, as the maximum correlation coefficient corresponding to all the
remaining non-equivalent solutions was smaller than 20%. A rigid-body
refinement performed on the best translation solution improved the cor-
relation coefficient (to 48%) and the R factor (to 71.8%), thus clearly
indicating the correctness of the solution. We were also able to solve
the structure independently by locating the two iron atoms from the
anomalous signal in a 2.4 Å dataset collected with CuKα radiation and
a rotating-anode generator with multiwire proportional counter, and
then rotating the search fragment about the iron atoms to obtain a
maximum correlation coefficient.
Refinement
The structure refinement was carried out using the program
SHELXL-97 [51]. In order to use the Rfree test to monitor the improve-
ments observed in the course of the refinement, data were divided into
a working set, consisting of 95% of the reflections, and a reference set
formed from the remaining 5% [52]. The two sets of reflections were
merged only in the final stage of the refinement and for the final map
calculations. An initial rigid-body refinement of the model from the mol-
ecular replacement solution was performed starting with the data from
10–3.0 Å and allowing the resolution to increase by 0.01 Å after each
refinement cycle in order to reduce memory effects and minimise the
problems caused by model bias. Most of the amino acids in the core
region of the protein were found to be correctly placed inside the elec-
tron-density map; the flexible loop region extending from residue 59 to
residue 66 of the initial model was not correct (because it is quite dif-
ferent in the search fragment) and had to be rebuilt using omit-maps.
No restraints were applied to the 1,2 (bonded) and 1,3 (angle) dis-
tances involving the atoms of the prosthetic group. All the other 1,2
and 1,3 distances in the protein were restrained using the Engh and
Huber set of target values [53]. The atoms defining the peptide bond
and those forming aromatic sidechains were restrained to be planar
within an esd (estimated standard deviation) of 0.5 Å. Chiral volume
restraints were applied to the Cα atoms (with the exclusion of glycine)
and to the Cβ atoms of threonine and isoleucine. Two diffuse solvent
parameters [54] were refined throughout. Antibumping restraints [51]
were also employed throughout the refinement.
All nonhydrogen atoms were refined anisotropically; this reduced both
the R factor and Rfree by 3.2%. The hydrogen atoms were included in
calculated positions with idealised geometry and refined using a riding
model. The automated water divining procedure implemented in the
program SHELXWAT [51] was used to place about 60% of the water
molecules. The remaining solvent molecules were located by visual
inspection of the difference maps. The progress of the refinement is
summarised in the Supplementary material available with the internet
version of this paper. The programs MOLSCRIPT [55], BOBSCRIPT
[56], Raster-3D [57], XP [58], XtalView [59] and GRASP [60] were
used to generate the figures.
Accession numbers
Atomic coordinates and structure factors have been deposited with
the Brookhaven Protein Data Bank for immediate release with entry
code 1AWD.
Supplementary material
Supplementary material including a figure showing the pattern of B
values for C. fusca ferredoxin, an electrostatic surface representation of
the molecule, and a table summarising the refinement process is avail-
able at http://current-biology.com/supmat/supmatin.htm.
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S1Supplementary material
Figure S1
Variation of thermal motion (B values) with
residue number for (a) mainchain and
(b) sidechain atoms. It is striking that the
regions of highest mainchain mobility
correspond to the regions of largest
conformational variability in Figure 5. α-
Helices are coloured blue, β sheets green and
random coils red. The sidechains are colour-
coded as follows: red, Glu, Asp; blue, Arg,
Lys; purple, Gln, Asn; grey, Ser, Thr; cyan,
Gly, Ala, Leu, Ile, Val, Pro; green, Phe, Tyr,
His; yellow, Cys, Met.
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Table S1
Ferredoxin refinement progress.
Action taken W1/2/Wfull* Parameters† Restraints‡ R(%)§ Rfree(%) R(4σ) Rfree(4σ)
MR solution – – – 51.04 49.70 49.44 48.38
100 cycles refinement – 2903 3067 31.96 32.19 30.89 33.75
Mainchain building – 2851 2888 27.06 28.96 25.75 28.00
Add water 3/129 3379 2904 20.42 23.81 19.25 22.81
Cluster anis 3/129 3421 2895 20.20 23.23 19.13 22.26
Anis except water 3/117 6878 8168 18.21 21.38 17.16 20.47
All anis 3/119 7455 8835 17.27 20.58 16.25 19.64
Cut-off 10–0.1 Å 3/119 7463 8829 16.12 19.53 15.09 18.55
Add H atoms/edit 3/119 7401 8768 15.40 18.74 14.41 17.85
Add more water and 66/60 7544 8916 14.64 18.11 13.64 17.15
minor corrections
*W1/2 = number of half-occupied waters, Wfull = number of fully occupied waters. †Parameters, number of parameters refined. ‡Restraints, number
of restraints. §R = ΣFo–Fc/ΣFo.
S2 Supplementary material
Figure S2
The electrostatic surface of the molecule showing a predominance of
negatively charged groups (red). The molecule has been rotated by
about 90° about a left-right axis relative to the orientation in Figure 2 so
that the [2Fe–2S] cluster is close to the forward surface at the centre
of the picture.
